Abstract: Long-distance seed dispersal figures prominently in most plant conservation biology arguments, yet we possess little more than anecdotes concerning the relationship among deposition (seeds/m2), source strength (seeds/m2), and distance. In this paper we derive two simple models for long-distance deposition. The models are tested at the scale of 100-1600 m from the source and found to be within 5-fold of the observed deposition. There is no discernable decline in deposition for the range 300-1600 m. While we hesitate to extend model predictions to greater distances, both the models and the empirical results allow us to assert that rare wind-dispersed species in woodlots (dispersal distance around 1 km) are effectively isolated from one another at the temporal scale of 1000 years.
Mots elks : biologie de la conservation des plantes, dispersion des graines par le vent, mttapopulations. [Traduit par la redaction] Long-distance seed dispersal plays a crucial role in much of the plant conservation biology literature. Landscape fragmentation leads to reduced source strength (fewer residual plants) and larger interpatch distances, and thus dispersal is an important parameter in arguments for metapopulation persistence and inbreeding consequences (Sharpe et al. 1987; Harris 1984) . Additionally, dispersal figures in alien plant invasions and epidemiological spread (Ghersa and Roush 1993) .
Given the weak state of quantitative theory in plant ecology it is not surprising that the recent burgeoning of the conservation biology literature has proceeded without a concomitant inflation of our knowledge of long-distance dispersal. There is at present no tested argument for deposited seed density as a function of distance, source-strength, and vector characteristics.
Definitions of short-and long-distance dispersal are necessarily hazy. Nonetheless, for wind-dispersed tree seeds we will argue that long-distance dispersal begins at a scale of a few hundred metres from the source because at shorter dis-tances variation in vertical wind speeds has little effect on dispersal curve shape or deposition magnitude. At short distances, deposition is primarily a function of horizontal wind speed variation, source geometry, and the "sink" created by low wind speeds in the immediate lee of the forest (Greene 1990 ; D.F. Greene and E.A. Johnson, unpublished data) . The importance of rare updrafts in long-distance dispersal is easily demonstrated. Imagine seeds dispersing from a height of 25 m and with a terminal velocity of 1.0 m/s. A horizontal wind speed greater than 40 m/s (1-min averaging time) at this height in unobstructed terrain would occur about 1 min each decade (cf. long-term records from Dorval Airport near Montreal, ~u e b e c ) and represent the extreme (in the absence of hurricanes). Thus, the maximal possible horizontal distance travelled is about 1 km, and only an infinitesimal proportion of the seed crop would travel that distance. Nonshaded trees take at least 20 years to produce appreciable numbers of seeds (a "generation"); thus, in the absence of vertical winds, approximately 1 krn per generation is the limit for dispersal. But the palynologi~al evidence (Delcourt and Delcourt 1991) indicates that tree species expanded then postglacial ranges at rates of at least 4 krn per generation. Clearly, any model of long-distance seed dispersal by wind must assign a large role to updrafts.
Our objective is to derive and test two simple models of long-distance dispersal by wind. Both models are applicable to a discrete patch of forest (the source) dispersing seeds across a terrain of much shorter vegetation (a "clearing") and thus are suitable for dealing with-woodlots in an agricul-tural landscape, forest patches in a savanna, and the foresttundra transition zone. We also examine the conservation consequences of limited long-distance seed dispersal among woodlots.
Modelling dispersal
Below we develop two expectations for long-distance dispersal by wind. Initially, however, we provide the general meteorological arguments germane to either model. This first section will essentially translate wind-speed measures at a recording station into expected values within a forest as a function of height within the forest. A list of symbols can be found in the Appendix.
At 10 m height (standard recording height) in unobstructed terrain (typically, an airport) the distribution of horizontal wind speeds (u) is roughly log normal with averaged North American values of u,, = 4.3 rnls and aln ,, = 0.55, where u,, is the median speed at the reference station, and a l n u is the standard deviation of the natural logs of the u speeds. Thus, for this two-parameter distribution, As shown by Greene and Johnson (1992a) , the branch of seeds is, however, a "biased anemometer," with seeds preferentially abscising at higher wind speeds. The abscission probability is proportional to the drag of the wind (thus, proportional to u2). The joint probability (g) that a seed abscises at a particular speed depends on the frequency of the speed (from [I] ) and the relation between speed and abscission.
Thus, where M = up(dldu), and 0 is expected to be about 2.0 1 because drag is proportional to the square of the fluid velocity. The integral is equivalent to the 0th-moment generating function of a log-normal distribution
With some manipulation of the two equations above, it can be shown that the effect of abscission is to modify the median speed in [I] such that g = dldu but with the median speed increased as and thus the median speed sampled by abscising seeds is about 1.8 times greater than the value (4.3 mls) sampled by anemometers. This is the value of the median horizontal reference speed used below. For simplicity we assume a wind profile for the horizontal speed in the clearing to be a power law where z is height (m), and z, is the recording height (typically 10 m) (Oke 1978) . This profile is related to the profile within the forest using the protocol of Dumbauld and Cionco (1985) . It is assumed that the horizontal speed at twice the forest height, 2zh, is unaffected by the drag of the underlying forest. The median speed at zh (the forest height) is calculated using the well-known supracanopy model (Oke 1978) and choosing a roughness coefficient (zo) and zeroplane displacement (d) appropriate for forests: @ = 0.105 zh, and d = 0.67 zh. Speeds within the forest are predicted from the canopy flow model of Dumbauld and Cionco (1985) , and we use an extinction coefficient typical of forests with fully extended leaves (a = 4).
The point sources (trees) making up the area source (forest) will be idealized as of uniform height (zh) with all seeds clustered at a single height (2,). We assume an abscission height of (e.g., Hard 1964) . According to this simple approach, the median horizontal speed at abscission height is about 2.1 mls for a 30-m forest. The horizontal turbulence (i,,) i,, = CV,, = a,, ,, = 0.55 (where CV,, is the coefficient of variation of the arithmetic horizontal speeds) is assumed to be roughly the same in forest and in clearing (e.g., Raupach and Thom 1981) .
We now need to estimate vertical turbulence, which is typically related to the mean rather than the median horizontal wind speed. The vertical turbulence (i,, = a,,liZ) at z, should be around 0.29 (Dumbauld and Cionco 1985) . It is not at all clear how the magnitude of a,, will be affected by the nonrandom nature of abscission, and we will conservatively assume there is no effect. Therefore, we will use the untransformed median wind speed (about 5 mls at 10 m at the reference station: Luna and Church 1974) and relate it to -uZh (measured speed at the top of the forest) via the protocol of Dumbauld and Cionco (1985) :
and we simplify their iterative calculation of i , , : (i,, at height z) as for the crown interval 0 . 5~1~~ to zh. Thus, the standard deviation of vertical speed at the abscission height ( 0 . 7 5~~) for North American mature trees should be in the range 0.35 -0.45 mls.
A second source of vertical variation is due to variation in the terminal velocities (still-air descent velocities) of the seed population. According to Greene and Johnson (1992b) the standard deviation (af) of the terminal velocities of wind-dispersed species is not large:
where f is the mean terminal velocity. Letting v be the expected fall velocity (terminal velocity plus or minus ambient vertical wind velocity), then, given the additivity of Note: The first study is by Harris (1967) for hemlock and sitka spruce (with hemlock forming the great majority of seeds). The next three studies are from Pickford (1929) . The final five are from Petawawa (present study).
Botanical designations are given in the text. f, mean terminal velocity; z,,, forest height; B, regional source density; Q, number of seeds per canopy tree; x,,,, maximum distance at which seeds were registered in traps. Predictions for the no-shelter model are based on a 4-sided source for all except Pickford (1929) (and then we assume a I-sided source). Obs, observed deposit as a percent of BQ; P1 and P2, predicted %BQ from the background model (invariant with distance) and no-shelter model (at x,,,,), respectively. variances (and presumed zero covariance) of the Gaussian Table 1 . The species in Table 1 make up much of the range distributions off and w (vertical wind speed), of terminal velocities among North American tree species, and so it is expected that background fractions are typically
on the order of about 0.1 -10% of the source strength (seeds " -produced per m2 within the forest). and the mean fall velocity is simply the mean terminal velocClearly, the background deposition cannot be truly invariit^, f. Given that 0.5 < f < for the great of ant with distance, but as the empirical records below will ~o r t h ~m e r i c a n wind-dispersed tree species, clearly of conobserved deposition shows no apparent decline beyond tributes little to a,,.
leeward distances of about 200 m. In summary. we have related anemometer measurements at a reference station (but modified to account for abscission) to expected values of horizontal and vertical speed in a forest. We may now proceed to the first of the two models. Hamrick and Murawski (1990) have dichotomized empirical gene flow patterns for plants as essentially consisting of two types of events: a strong decline in alleles per distance near the source (leptokurtic curve) typical of the great majority of alleles, and then a "background" curve which is small in magnitude but virtually flat for a considerable distance from the source. For a wind-dispersed area source, the leptokurtic curve is created by the variation in horizontal speeds, the leeward sheltering effect of the forest, and source geometry. Necessarily, there must be a rapid decline in seed density with leeward distance from the source because the horizontal wind speeds are so low near the edge of the forest (Nageli 1953) . But at very large distances (the flattened background portion of the curve), extreme vertical winds (highmagnitude updrafts) begin to play a crucial role and should lead to a considerably smaller rate of decline in deposition.
Background model
We can estimate the magnitude of the background deposition as follows. Assume that the seeds which dominate the extreme distances are those which had an initial positive fall velocity (v) ; that is, those associated with vertical wind velocities which exceeded their terminal velocities. This background fraction is then estimated as the standardized variatefla,, which can be appraised by consulting a table of z scores for a Gaussian distribution. Examples are given in
No-shelter model
The second model defines the dispersal curve for a single point source in Cartesian coordinates. Whereas the first model made deposition invariant with distance, this model will allow deposition to decline with distance. The total deposition at a specified leeward distance then involves summation of all the point-source contributions. In this approach, we will assume homogeneity in the wind-speed regime, that is, u, is independent of horizontal position. This of course is not true; the vertical profiles of horizontal speed are quite different in forest and clearing (Oke 1978) , and wind speed changes markedly with leeward distance (Nageli 1953) . However, since at constant height (an equation we fitted to the empirical data of Nageli 1953, where xp is the leeward distance along the azimuth of the horizontal speed), then by xp = 500 m, the wind leeward of a 25-m forest will be 89% of the reference speed. Further, the empirical data for this leeward reduction were collected at z = 2 m, and it is very unlikely that the sheltering effect is as strong at the higher z where long-distance seed trajectories presumably spend most of their time aloft.
More problematically, we will assume that [2] describes the vertical profile during the entire trajectory, thus ignoring the initially very low wind speeds within the forest portion of the flight. If, however, long-distance dispersal is dominated by seeds that initially experienced w > f (that is, were rising), then this partly ameliorates the conceptual difficulty of accepting this assumption.
The coordinate system is as follows. Let x be the leeward distance in the clearing perpendicular to the forest edge. Distance along the edge is Y, and the extension of the x axis windward into the forest is termed D. For a canopy tree at (D, Y) the total distance (xT) to a 1-m2 seed trap at x is where r = D + x.
The median horizontal speed averaged from z, to the ground (u,), following integration of [ 2 ] , and assuming it abscised at a speed of u,,, is Now the median expected distance travelled (~0.5) by the seeds from a single tree will be (Greene and Johnson 1989) and thus, substituting for up, we have Equation [4] gives the distance by which 50% of a single tree's seed crop will be dispersed. The next step is to convert the fall velocities (v) into travel times (t). We used the random walk model of Legg (1983) but with the assumption that the covariance of u (horizontal wind speed) and w (vertical wind speed) was small enough to ignore, and thus wr+, is related to the previous w, as where gw is a random number drawn from a Gaussian distribution with a mean equal to 0 and a variance of unity. The temporal correlation, r,,, is given by Csanady (1963) as where TL, the Lagrangian autocorrelation scale, ought to be on the order of 0.1 z/aw and At (the time step for the walk) must be <0.2 s (Walklate 1987 ). We used a constant time step of 0.1 s.
A computer program for this random walk model gave results which showed that the Gaussian distribution of vertical speeds leads to (necessarily) a log-normal distribution of fall times (t) with a median fall time of z,lf and a standard deviation of the logarithms of t approximated as
We can now write the equation for the distant deposit from a point score. The standard deviation of the logarithms of the distances (aln . ) is Thus, the density (N = number/m2) of seeds at xT from a single tree is where Q is the number of viable seeds per tree per year. Note that [5] can be modified to give the number of seeds per 1 m wide annulus at xT by changing the exponent 1.5 to 0.5, and xT2 to XT. Recall that xT is the distance from a tree (any direction), not from the forest edge.
The total number of seeds/m2 (N,) at a trap along the perpendicular line x is given by a double summation of [5] across all positive d and y, and then this amount is doubled, as it will be assumed that the other half of the forest (negative y) forms a mirror image (that is, wind azimuths are random with respect to abscission). The total source strength (seeds per m2 in the forest) is defined as the product BQ, where B is the density of trees (number/m2) of the species of interest, and Q is the mean number of seeds per tree.
An example of model output is shown in Fig. 1 using the dispersal scalar from [4] , and setting zh = 30 m, and f = 1.0 m/s. Note that the curve in Fig. 1 applies to any wind-dispersed species if the scalar is employed. The output is for an infinite source but, given the likely range of za, zh, and f for tree species, the results in Fig. 1 will not be greatly underestimated so long as the total source length (perpendicular to x) and width exceed Y > 4 km and D > 3 km. This minimal size (about 1200 ha) for a source is vastly larger than many of the sources of interest in conservation biology (e.g., woodlots), and so there will be little recourse but to use a computer to solve for N, with realistic limits on D and Y.
It is expected that the initial decline in N, (from x = 0 to x 2 : 100 m) will be a good deal steeper than predicted by this model. This is because the initial rapid rise in horizontal speed with leeward distance (see above ; Nageli 1953; Greene 1990 ) should lead to an increasing dilution of the deposit out to a few forest heights leeward: relatively, the forest edge is a sink.
Methods
We tested the simple background model with a field test at a 30-m diameter clearing at the Petawawa National Forestry Institute in southeast Ontario. The winged seeds of Manitoba maple (box elder in the United States) (Acer negundo) were released at a rate of one per minute from a fire tower at a height equal to zh (14 m) for 100 min on each of two successive sunny afternoons in early September 1993. Distance travelled was measured directly by spotters on the ground (if the distance was short) or estimated roughly from the tower (when distances were large) using dead trees or isolated conifers whose distances were known. Travel times (t) were estimated with a stopwatch. A cup anemometer at 14 m on the tower measured the mean horizontal speed. The adjacent forest was primarily hardwoods, and no leaf abscission had yet taken place. The mean and standard deviation of the terminal velocities were measured in still air with a stopwatch and a fall distance of 3 m, with timing only over the final 1.5 m of descent (so that stable autorotation had been achieved). These samaras were green, having been picked from branches a few days before, and consequently their wing loadings (and terminal velocities) were about 30% higher than is typical for the mature dried abscising samaras of this species.
Both models were tested using seed traps in very large clearings. We found two published studies where the clearing diameter is at least 2 km. The first study was by Harris (1967) in southeast Alaska. For almost a decade he examined dispersal into a cut, roughly square, and about 2.2 km on a side. In only 2 years (1957) (1958) (1959) (1960) was there sufficient seed production to estimate long-distance dispersal, and only in 1957 -1958 did he estimate source strength (BQ) with seed traps in the forest. The seeds were predominantly western hemlock (Tsuga heterophylla) with a smaller amount of Sitka spruce (Picea sitchensis). The results were presented by Harris (1967) with both species lumped together, but this is unimportant because for both species the terminal velocity is about 0.60 m/s (D.F. Greene and E.A. Johnson, unpublished data based on species from British Columbia). A more serious problem is that forest height is not given. However, Harris (1967) stated these were "typical old growth" coastal forests. We suspect the forest height zh might range from extremes of 30 to 60 m and take 45 m (the midpoint) as a likely value. The adjacent forest was coniferous and dominated by hemlock and spruce. The second study is by Pickford (1929) in three large cuts in coastal British Columbia. He has dispersal curves for three species: western hemlock, western red cedar (7'huja plicata), and Douglas fir (Pseudotsuga menziesii). Mean terminal velocities were obtained from our own seed collections. BQ values were measured directly as trapped seed density in the forest. As with Harris (1967) , the forest height was not estimated, but given the location, the species, and the observed age of 250 years, we will, as before, assume zh = 45 m.
In addition to these studies, we obtained dispersal curves from the artillery range of the Canadian Forces Base at Petawawa, adjacent to the Forestry Institute lands. Traps were 0.17-m2 cardboard boxes, weighted with rocks, and covered with coarse-mesh nylon netting. The firing range is somewhat square, and averages about 950 m in diameter. Clusters of traps (147 boxeslsite; that is, about 25 m2 of trap area per distance) were placed at distances of 115, 230, 475 (approximate centre), 730, and 820 m from south to north across the range. The boxes were set out in August 1990, and examined in late June 199 1. Unfortunately, small arms fire by bored war game participants during the autumn destroyed virtually all the traps at x = 230 m. The surrounding forest is predominantly planted and natural jack pine (Pinus banksiana), red pine (Pinus resinosa), and white pine (Pinus strobus), and natural white spruce (Picea glauca). We obtained adequate numbers of deposited seeds from red pine, white pine, and white spruce as well as from the much less common paper birch (Betula papyrifera) and red maple (Acer rubrum). We collected only one or two seeds from four other tree species.
We calculated the source density B (number of canopy trees/m2) using a set of 100 20-m2 plots randomly located at distances up to 400 m into the forest from the clearing edges. In addition to tree density, the tree height was estimated visually in each plot (after calibrating the visual estimate with clinometer measurements). Inspection of forest inventory maps indicated that our source-density estimates would not be greatly in error at the interval 400-1000 m farther into the forest: it remained a predominantly pine -spruce forest. The total (all species) source density in Table 1 is relatively small because much of the area consisted of Alnus thickets, Fig. 2. Observed (0) and predicted (m) dispersal (no-shelter model) for western hemlock as a 4-sided source. Data from Harris (1967) . D i s t a n c e Cm) roads, the Petawawa River, and stands of F! banksiana and Acer saccharinurn. Seed production Q (the number of seeds/canopy tree) was estimated using seed traps (from 5 to 25 m2 total trap area) in local monocultures. We obtained Q for the three conifer species at locations 75 m into the forest on the south side of the firing range. (Traps placed at 75 m into the north forest perimeter were destroyed by soldiers.) Q was assessed as number of trapped seeds per m2 divided by local number of source trees (dominant and codominant) per m2. For paper birch and red maple, there were no larger monocultures near the artillery range, so Q was estimated with traps in a pair of stands where these species dominated about 10 krn from the clearing.
Terminal velocities of all five species were estimated using trapped samaras and the same procedure as above for Manitoba maple.
Results

Fire tower
The Manitoba maple seeds were released from the tower at the forest height (zh = 2,) to facilitate observation of their I travel times (t). The mean still air terminal velocity (f) for these green samaras was 1.04 m/s (af = 0.094), and the I mean horizontal speed at the top of the forest was 1.79 m/s. We predict therefore a log-normal distribution of fall times, I I with a median of 13.5 s and a standard deviation of 0.5. As the largest t values involved the greatest distances, and we could obtain only minimum t measures before we lost sight of them in the forest, we plotted the first 7 1 % of the cumulative t on log-normal probability paper. These plotted values yielded a straight line, with the median time = 12.5 s (93 % of the predicted value), and a,, , = 0.45 (90% of predicted).
Assuming a, = a,, ,, then we expect from the background model that 2.17 % of the 200 seeds will be initially rising. We observed two seeds still rising slowly when we lost sight of them, and one seed with a virtually flat trajectory. Thus, 1 -1.5 % (N = 200) were observed to be rising.
Long-distance dispersal
Empirical results for nine studies (8 species) are shown in Figs. 2-5 and Tables 1 and 2 . Predictions for the no-shelter model are based on contributions from four sides of clearings idealized as square for all except Pickford's (1929) three species (because no cut dimensions were provided). For Pickford's (1929) studies we assume a single edge in an infinite cut. The background model is a reasonable predictor of the deposit (as % BQ) at the maximum observed distance (Table I) , although there is a tendency to underpredict (7 of 9). Predictions are within 2-fold of observations for three studies, within 3-fold for seven studies, and within 5-fold for all.
The no-shelter model overpredicts near dispersal (100 5 x 5 115 m) for all species except red maple. By x = 500 m only two-thirds are overpredicted (Figs. 2 -5; Table 2 ), and seven of nine predictions are within 3-fold of the observed. At the maximum distances (475 m for Petawawa; 1100 m for Harris (1967) ; 800-1600 m for three Pickford (1929) studies), the no-shelter model predicts about as well as the first model: all but one case are within 4-fold of the predicted value (Table 1 ). The background model predicts that deposition is invariant with distance, whereas the no-shelter model predicts a gradual decline in deposition. For the four studies with many observations (Figs. 2 -5 ), linear regressions of lognificant at p = 0.05. Thus, it would appear that, at least at transformed relative deposition ( % B e ) on distance (x) shows the scale 500 < x < 1500 m, the assumption of invariant a significant negative correlation ( p < 0.05) for three of the deposition (background model) is correct. In general, at very four studies (the exception is Douglas-fir). By contrast, large distances, the second model tends to underpredict. If recalculating the regressions but only for x > 110 m (the ini- Pickford's (1929) extreme distances actually represent the tial distance in each study), none of the correlations are sigcentres of cuts, then the second model predictions would flat- Note: Observed (Obs) and expected (Exp) (from the no-shelter model) are expressed as %BQ (deposited seeds per r n ' as a percentage of source strength in the forest). The expected value assumes a 4-sided source.
ten more strongly and the performance of that model would not be as poor as Figs. 3-5 indicate (that is, the deposition at the larger disturbances would be multiplied by as much as four).
According to the first model, deposition (%Be) should be inversely proportional to the terminal velocity. At a distance of about 500 m, the relationship for the nine studies is significant (Spearman rank correlation; p 0.05). Likewise, the second model predicts that %BQ is inversely proportional to the derived parameter, s. Choosing s = 1.8 (approximate limit for the Petawawa clearing), then for the nine studies the rank correlation of s and % BQ is also significant ( p I 0.02).
The assumption that prevailing-wind azimuths at the time of abscission events were random is clearly invalid at Petawawa. Observed deposition was about twice as great at the south end of the clearing (x = 115 m) as at a similar distance at the north end.
Discussion
The fire-tower study showed that the expectations of both models are generally met. Travel times are log-normally distributed, and only a small fraction of the seeds initially are rising and, thus, able to contribute to long-distance deposition. That exercise was problematic because the artificial abscission schedule was random with respect to horizontal speed. On the other hand, some realism was introduced by limiting the dispersal to the early afternoon when, due to low relative humidity and high wind speeds, the great majority of real abscission events take place (Greene and Johnson 1989, 1992a) , and local instability and vertical turbulence intensity are maximized.
As for the two models, prediction to observation ratios were always a good deal less than an order of magnitude. Given the large number of assumptions underlying the models, it is surprising that they did not perform more badly. Provisionally, then, one might accept them as rough estimates of deposition at the scale of about 1 km from a source. The tendency to underpredict would be rectified if the u,,, were about 20% higher.
Nonetheless, we hesitate to extend their use to larger distances. The non-Petawawa curves are more invariant with distance than the no-shelter model permits. Thus, prediction using the no-shelter model at 10 or 100 km may well be vastly underestimating the real deposition. As for the background model, it is not possible for the observed deposition to remain invariant with distance out to many kilometres: there has to be dilution with distance because there is a finite number of seeds produced.
Unfortunately, examination of deposition at many kilometres is difficult, and we are not sanguine about the prospects of field observations. To isolate the source one would need islands in a large lake for positioning the traps, and the islands cannot be "contaminated" with the source species. Registering a single seed will require an enormous total trap area on the island(s) at a distance of, say, 10 km, and will require as well a great deal of patience as the investigator awaits the once per decade "bumper crop." At Petawawa we were able to ascertain the deposition at 475 m in a relatively poor production year only because we installed 25 m2 of trap area. A good seed production year at 10 km may well require about 100 m2 of trap area. This is a serious methodological problem because issues such as postglacial tree migration rates or colonization rates on oceanic islands involve distance scales at least this large.
It might be argued that significant long-distance dispersal of seeds by wind could occur over snow surfaces, especially in clearings. We think this unlikely for two reasons. First, almost all tree species in the northern half of North America have virtually completed their abscission schedules by the end of October (Fowells 1965) . Second, while there are neither mechanistic models nor detailed empirical studies of dispersal on snow, we think it unlikely that great distances are achieved simply because the seeds will be trapped when they fall into surface depressions (dilution with distance) or are buried by subsequent snowfalls. A study of this issue is warranted.
Woodlots
Some authors (e.g., Sharpe et al. 1987) have argued that forest fragmentation may cause tree species losses as interfragment distance exceeds immigration capacity. We can use the arguments above to examine seed exchange among woodlots because interlot distances are on the order of 1 km. For a county in southern Wisconsin, Sharpe et al. (1987) calculated mean woodlot size as about 10 ha, and indicated that the woodlots make up about 10% of the landscape. We will take this as typical of mid-latitude agricultural landscapes. If the lots were uniformly distributed in space (they are not), the mean distance from one lot to its four nearest neighbouring lots would be 1 km.
Assume a dynamic equilibrium within each lot (or in the preagricultural landscape) such that Q (annual viable seed production) and s, (survivorship from seed to canopy tree status) may well vary interspecifically, but the product Qs, (= fecundity) is a constant. Further, assume a terminal velocity of 1.0 mls, in which case about 1 % of the Q seeds are distributed (via the background model) across the landscape.
We can write the mean time (t,) required to obtain a single mature, seed-producing colonist of species i as where t, is the mean return time for disturbance (canopy deaths), k is the background fraction from our first model, j is the fraction of the landscape which is woodlots (assumed, as above, to be 0. l), pi is the proportion of canopy trees which are species i, and Nc is the total number of canopy trees in a lot (assume 800 canopy trees per ha). Thus, with t,, say, 200 years, pi, for a nonabundant species, about 0.025, and a mean woodlot size of 10 ha, we expect about one colonist of species i every 1000 years. For a common species (say, pi = 0.5), colonization would occur about every 50 years.
Effectively, then, these results indicate that rare species in woodlots are isolated from one another in ecological time. There is no meaningful "rescue" as these species locally random walk towards extinction or monoculture. Further, the seed fraction (at least) of gene flow for rare species is virtually nonexistent. As can be seen from the studies of Pickford (1929) and Harris (1967) , we may ignore the two models and assert empirically that a terminal velocity of 1.0 m/s will lead to a deposition of about 1 % of BQ, and this is further diluted by spread across a landscape where only 10% of the area is habitable. Many common species of eastern North American woodlots have terminal velocities (based on specimens from southeast Quebec) greater than this, e.g., A. saccharurn (1.24 mls), Tilia arnericana ( = 1.8 mls) (it varies depending on the number of appended fruits), Fraxinus species (1.2-1.7 m/s). We have no comparable model for long-distance dispersal of seeds by animals. However, the North American palynological record (e.g., Delcourt and Delcourt 1991) provides no indication that the animaldispersed (bird) fraction of tree floras are more effective long-distance dispersers than the species in Figs. 2-5.
In summary, the migration parameter of metapopulation models can now be constrained to a likely range of values for the distance scale of about 1 krn, and thus their importance to applied problems will be heightened considerably. For rare wind-dispersed tree species, forest fragments are not metapopulations. They are quarantined by distance.
